Coherent State Preparation and Observation of Rabi Oscillations in a Single Molecule 
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We report on the excitation of single molecules via narrow zero-phonon transitions using short 
laser pulses. By monitoring the Stokes-shifted fluorescence, we studied the excited state population 
as a function of the delay time, laser intensity, and frequency detuning. A vr-pulse excitation 
was demonstrated with merely 500 photons, and 5 Rabi cycles were achieved at higher excitation 
powers. Our findings are in good agreement with theoretical calculations and provide a first step 
toward coherent manipulation of the electronic states of single molecules with few photons. 
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Laboratory preparation of a system in a well defined 
quantum mechanical state is central to many activities 
in physics and chemistry. An important example of 
current interest is in quantum information processing, 
where methods are sought to prepare, store, and read out 
qubits. An attractive scheme for achieving these goals 
is to use photons as information carriers because they 
can be transmitted over large distances in a robust man- 
ner [1]. Also in chemistry, manipulation of the quantum 
states of molecules by light has been vigorously pursued. 
For instance, molecular interactions on the time scales 
of vibrational oscillations have been studied in ensem- 
bles [2]. However, such experiments remain very chal- 
lenging for room temperature investigations at the single 
molecule level [3]. 

Efficient manipulation of the electronic states of a sin- 
gle emitter requires a large coupling with photons. In the 
past, high- finesse cavities have been employed to enhance 
this interaction [4], but recent experiments have shown 
that substantial coupling is also possible in a single pass 
arrangement where a light beam is tightly focused on 
the emitter [5, 6, 7]. In fact, our theoretical studies have 
shown that it should be possible for a single atom to per- 
fectly reflect monochromatic light and therefore imprint 
a TT phase shift on it [8]. In this article, we take the first 
step in exploring pulsed excitation and coherent prepa- 
ration of a single molecule electronic state. 

Cryogenic single molecule spectroscopy takes advan- 
tage of the inhomogeneous distribution of the molecular 
resonances in a solid [9]. Typical dopings of about 10~^ 
yield one molecule in a focused laser beam within a spec- 
tral region of few GHz. By scanning the frequency of 
the laser, one can selectively tune to the zero-phonon 
lines (ZPL) of individual dye molecules, with life-time 
limited linewidths down to 10-50 MHz. While selection 
of single molecules is straightforward with narrow-band 
tunable lasers, it is nontrivial under pulsed excitation. 
If the pulses are too short, several molecules could be 
excited at the same time. If the pulses are longer than 
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the excited state lifetime, they are ineffective owing to 
the dominant damping of the state coherence by sponta- 
neous emission. These considerations restrict the choice 
of the pulsed light source for coherent spectroscopy of 
single fluorescent molecules. 

Coherent superposition of the ground and excited 
states of an emitter under pulsed laser excitation can 
be described by solving the optical Bloch equations [10]. 
The dimensionless pulse area 

A= r ./^TWdt (1) 

^0 

yields the Bloch vector nutation angle, where T is the 
pulse duration, A denotes the detuning between the 
laser frequency co and the transition frequency cjq, and 
f2{t) = —di2S{t)e^'-^^'^^/h is the complex Rabi frequency. 
Here di2 represents the transition dipole moment, which 
we assume to be parallel to the incident electric field. 
The real- valued quantity 8(t) is the electric field ampli- 
tude that characterizes the pulse shape, and (f{t) signifies 
a time-dependent phase. A deterministic preparation of 
the emitter in its upper state can be accomplished by the 
proper adjustment of A. Rabi flopping in atomic ensem- 
bles [11], single semiconductor quantum dots [12, 13], as 
well as single trapped atoms [14], and ions [15] have been 
successfully observed in this fashion. In the case of sin- 
gle dye molecules, Rabi oscillations have been explored 
via intensity autocorrelation measurements performed in 
start-stop continuous- wave (CW) illumination [5, 16], 
and by rf-Stark shift sweeping of A [17]. 

In this work we studied the dye molecule dibenzan- 
tanthrene (DBATT) embedded in a n-tetradecane Sh- 
pol'skii-matrix. The excited state in DBATT has a fluo- 
rescence lifetime of Ti = 9.5 ns [18], corresponding to a 
radiatively broadened linewidth of A/27r = 17 MHz for 
the ZPL transition. We used a CW single mode dye laser 
(Coherent 899 Autoscan, < 1 MHz) to identify single 
molecules via fluorescence excitation spectroscopy [19]. 
As sketched in Fig. lb, a confocal microscope based on a 
solid immersion lens [5] enabled us to efficiently excite 
the molecules and detect them both via their Stokes- 
shifted fluorescence and via extinction spectroscopy (see 
Figs. Id, e). The red shifted fluorescence was filtered 
from the excitation laser light by an optical long pass 
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filter and was detected using an avalanciie piiotodiode 
(APD). 

To generate laser pulses, we used a cascade of 
two acousto-optical modulators (AOM-1, 200 MHz and 
AOM-2, 1 GHz) to chop the output of the CW laser (see 
Fig. la). A pulse generator (SRS, DG535) controlled the 
rf-switches (Minicircuits) located between the oscillators 
and the output stages of the drivers (Brimrose). Con- 
centric pulses were generated with pulse times of 50 ns 
for AOM-1 and 2.9 ns or longer for AOM-2, resulting in 
a sharp pulse riding on top of a broader pedestal. Both 
AOMs were operated in the Bragg regime [20], and the 
peak to background intensity attenuation was approxi- 
mately -30 dB for each device. The pulse repetition rate 
was set to 700 kHz, corresponding to a period of about 
1.4 We verified that the average intensity decreased 
linearly and extrapolated to a negligible value as we low- 
ered the repetition rate to zero. The pulse intensity was 
measured by monitoring the optical output on a fast sil- 
icon PIN diode. Additionally, we used an integrating 
photodiode to give a reference for the average incident 
power, which was stabilized by feedback to the modula- 
tion input of the AOM-1 driver. 

The red curve in Fig. 2a, shows two full Rabi cycles 
recorded during the passage of a long pulse on resonance 
and the subsequent decay of the excited state population 
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FIG. 1: a) The arrangement of two cascaded acousto-optical 
modulators to obtain short laser pulses with a high signal to 
background ratio, b) The optical setup inside the cryostat 
with a solid immersion lens (SIL). c) The level scheme of a 
single molecule, d), e) Typical examples of CW fluorescence 
and transmission spectra, respectively. 
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FIG. 2: Raw Stokes-shifted fluorescence of a single molecule 
(red curve) and a theoretical fit (black curve) : a) as a function 
of delay with respect to the optical pulse. The blue dashed 
line displays the measured excitation pulse intensity, b) as a 
function of the square root of the excitation pulse power using 
an optical pulse of 4 ns length. The data correspond to the 
vertical cut at A = 70 MHz in Fig. 3a. 



caused by spontaneous emission. Here, the output of the 
pulse generator that controlled the AOMs was attached 
to a time- amplitude converter (Becker & Hickl, SPC- 
130) and triggered the start of a time correlation mea- 
surement. Upon detection of a fluorescence photon on 
a fast APD (MFD, ^50 ps jitter), the measurement was 
stopped and the corresponding arrival time was recorded. 
We also analyzed the excitation pulses using the APD in 
the same fashion as the fluorescence photons by using 
a mirror to reflect some of it. The blue dashed line in 
Fig. 2a shows the excitation pulse with a high time res- 
olution. These measurements reveal a small after pulse 
that perturbs the exponential decay of the excited state 
(see Fig. 2a). 

Because the pulse width is of the same order of mag- 
nitude as Ti, the molecule has a certain probability of 
getting re-excited within the pulse duration. Neverthe- 
less, our calculations show that the detected fluorescence 
signal is, to a very good approximation, proportional to 
the population of the excited state at each delay time. 
This follows because first, one has to account for a 70 ns 
dead time of the APD, which limits the detection to at 
best one photon per pulse. Moreover, because the over- 
all photon detection efficiency is only a few per cent, the 
histogram of photon arrival times does not represent the 
probability density of the first emitted but of the first de- 
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tected photon [21]. To compare our results with theory, 
we used the independently determined shape of E{t) and 
solved the time dependent Bloch equations for a two-level 
atom numerically. The solid black curve in Fig. 2a shows 
the outcome fitted to the experimental data, yielding a 
very good agreement. We thus deduce a maximum Rabi 
frequency of i7max/27r :^ 370 MHz and a pulse area of 
A 5.7 TT. 

Another option for monitoring Rabi flopping is to vary 
i?. Fig. 2b displays the result of an experiment where 
we have fixed the pulse duration to 4 ns and increased 
the laser intensity. The averaged fluorescence on an 
APD (Perkin-Elmer) with 100 ms integration time re- 
veals more than IOtt oscillations or equivalently 5 cycles 
of excitation and stimulated emission. To our knowledge, 
this constitutes the largest number of optical Rabi oscil- 
lations observed to date from a single emitter in the solid 
state. Moreover, considering a pulse period of 1.4 /is, a 
pulse width of 4 ns, and the average power shown in 
Fig. 2b for achieving a 7r-pulse excitation, we conclude 
that we have inverted the population of a molecule with 
only 500 laser photons. This is a promising step toward 
excitation of an emitter with a few or even single pho- 
tons [8, 22]. 

The oscillations in Fig. 2b do not show the full modu- 
lation depth because the pulse duration T is comparable 
to Ti. Furthermore, we observe a gradual decay of these 
oscillations as the excitation power is increased. We at- 
tribute this wash out effect to small fluctuations aA in 
the pulse area A = i?T, where we have introduced the av- 
erage Rabi frequency i?. The AOM device specifications 
indicate pulse rise time fluctuations of about 200 ps. If we 
account for the same level of drop-off fluctuations, we find 
a relative variation ctt/T 7 %. It thus follows that a a 
increases linearly with the field strength. As confirmed 
by our simulation calculations, this results in a gradual 
decay of the oscillation amplitudes in very good agree- 
ment with our experimental observations. We note that 
the influence of fluctuations in i? were negligible in our 
experiment. Finally, the Rabi oscillations in Fig. 2b ride 
on a background. The black curve in this figure presents 
a sinusoidal fit to the experimental data, assuming lin- 
ear dependencies on the excitation field, the modulation 
depth reduction, and on the background increase. We 
remark that backgrounds have also been encountered in 
measurements of Rabi oscillations on quantum dot, but 
have been usually subtracted in the presentation of the 
data. 

A third parameter that can influence the pulse area 
is the laser frequency detuning A. Figure 3a displays 
a two-dimensional density plot of the fluorescence signal 
as a function of A and i7. Two cross sections at low 
(black) and high (red) excitation intensities are plotted 
in Fig. 3b. While both parameters contribute to A in a 
similar manner (see Eq. (1)), it has to be kept in mind 
that a large A results in a less effective excitation and 
a diminishing fluorescence signal. Therefore, one would 
expect a series of concentric arches centered at A = i? = 



in Fig. 3a. However, as seen in Figs. 3a,b, the situation 
is complicated. 

In order to gain insight into the observed spectra, we 
now turn to the outcome of simulations. We have con- 
sidered an excitation field £{t) = £i{t) -\- £2{t)e^'^^ as the 
sum of the contributions of AOM-1 and AOM-2. We took 
1^1,2 (^)P to be concentric Gaussians with widths of 50 ns 
for AOM-1 and 4 ns for AOM-2 and fixed the intensity 
ratio to 34 dB according to our independent character- 
ization of these instrumental parameters. Furthermore, 
we assumed a linear time dependence for the phase (p2 {t) 
to obtain a frequency shift of |d(/p2/dt| = 70 MHz as ob- 
served by peaks in Figs. 3a,b at this detuning. Figures 3c 
and d show the simulated counterparts of Figs. 3a and 
b. The good qualitative agreement between the experi- 
mental and theoretical data suggests the following con- 
clusions: i) The narrow peak at zero detuning signifies 
fluorescence excitation by £i in the time window when 
AOM-2 is off. ii) In these periods £i imposes a back- 
ground that increases approximately linearly with the 
field strength. In fact, the pulse areas ^41^2 obtained from 
the integration of the fields £i^2{t) turn out to be similar, 
iii) At low laser intensity, the spectrum is dominated by 
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FIG. 3: a) Time- averaged raw fluorescence signal of a sin- 
gle molecule under a 4 ns pulsed excitation as a function of 
the excitation laser frequency (horizontal axis) and electric 
field (vertical axis). The vertical dashed line indicates the 
cross section shown in Fig. 2b). c) Theoretical simulation of 
the data in a), b) and d) are spectral profiles taken at field 
strengths marked by the horizontal dashed lines in panels a) 
and c), respectively. 
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526*^^2. Moreover, our simulation calculations based on a 
volume-scattering technique [23] indicate that a consid- 
erable frequency chirp can be caused by the interaction 
of a short acoustic wave packet with the Gaussian laser 
beam in AOM-2. The short duration of this field and its 
chirp lead to a structure that is broad and blue shifted 
by approximately 70 MHz. iv) The broad shoulder at 
A 300 MHz (see Fig. 3b) is most probably due to the 
zeroth-order deflection of AOM-1 in combination with 
the chirp of AOM-2. 

In conclusion, we have shown that well deflned super- 
positions of the ground and excited states of a single 
molecule can be prepared by using pulsed laser excita- 
tion. Furthermore, we have mapped the system response 
as a function of laser frequency detuning and intensity. 
In these flrst experiments the pulses were generated by 
acousto-optical modulators and were accompanied by 
spurious effects, which we analyzed in some detail. Use 
of higher quality pulses will substantially improve the re- 



sults, paving the way for efficient coherent control and 
pump-probe experiments at the single molecule level. In 
particular, the dynamics of phenomena such as triplet 
state transitions, spectral diffusion, and dephasing in a 
solid matrix can be studied in a time-resolved fashion. 
The techniques presented in this work can also be used 
for the preparation and manipulation of entangled states, 
for instance in coupled emitters [24] . In the current work, 
we showed that strong focusing allowed us to achieve a 
TT-pulse with only 500 pump photons and demonstrated 5 
full Rabi cycles. In future, we will explore the prospects 
of single molecule excitation with very few or even single 
photons. 
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